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Introduction
The Japanese catch of the Japanese sardine (Sardinops melanostictus) has fluctuated greatly during the past century, between 170 million tonnes in the 1930s and 0.01 million tonnes in 1965. After a second peak of 4.49 million tonnes in 1988, the catch declined again during the last decade (Kuroda, 1991) , owing to recruitment failures in the consecutive 4 years after 1988 (Watanabe et al., 1995) . To elucidate the mechanisms leading to these large fluctuations in the sardine stock, we need to investigate factors affecting the annual recruitment of young fish during the developmental period.
Mortality during the early life stages is considered to be a major factor causing interannual differences in recruitment success (Heath, 1992) . Hewitt et al. (1985) demonstrated that starvation mortality was a major cause of larval mortality, particularly during the firstfeeding period (a few days after feeding initiation) in jack mackerel (Trachurus symmetricus). Another major cause of mortality is thought to be predation (Bailey and Houde, 1989) . Larvae in poor nutritional condition may be more vulnerable to predation than healthy larvae (Gamble and Hay, 1989) , if they do not die directly from starvation. Therefore, it is important to investigate the nutritional condition of first-feeding larvae, in particular because that stage appears to be the most vulnerable to starvation.
The proportion of starving larvae in the sea may be estimated by diagnosing nutritional condition of individuals. To this end, many techniques, including morphometric, histological, and biochemical indices, have been developed recently. Among these, the RNA:DNA ratio has been most frequently used in recent studies (Heath, 1992) . The ratio reflects the condition of larvae during the few days prior to sampling (Bulow, 1987) .
A sensitive fluorimetric method has been developed (Clemmesen, 1993 (Clemmesen, , 1994 Caldarone and Buckley, 1991) which enables the analysis of nucleic acids of individual, even newly hatched, larvae. Nakai (1962) reported that larvae of Japanese sardine caught in oceanic waters showed lower condition factors than those caught in coastal waters. Shimizu et al. (1989) were the first to analyse RNA:DNA ratio of larvae after the first-feeding stage and observed that nutritional condition of larvae distributed in offshore waters of the Kuroshio Current was lower than in inshore waters. Because of analytical constraints, they had to pool 10-20 larvae to obtain sufficient sample weight for the analysis. Hayashi et al. (1994) showed similar results for the nutritional condition of larvae smaller than 15 mm standard length (SL) based on condition factor and growth analyses. Sato et al. (1995) modified the sensitive fluorometric method by Clemmesen (1993) and analysed fed and starved firstfeeding Japanese sardine larvae individually in order to establish criteria for diagnosing nutritional condition of wild larvae. Kimura et al. (1996) applied these methods and criteria to field-caught larvae and demonstrated that all sardine larvae caught in the Kuroshio waters were nutritionally healthy.
We carried out rearing experiments of Japanese sardine to develop RNA:DNA criteria for zero growth (Buckley, 1984) and for the point-of-no-return (PNR, Blaxter and Hempel, 1963) . Using these criteria, we diagnosed the nutritional condition of wild first-feeding larvae collected from 1993 to 1995 in coastal and offshore Kuroshio waters of central Japan, and estimated the percentage of larvae in poor (0% growth) and starving (PNR) conditions as a measure of the impact of starvation mortality on the larval cohorts in the two environments.
Materials and methods

Laboratory rearing
Fertilized eggs were obtained from parental stock in captivity at the Usa Marine Biological Institute of Kochi University on 27 April 1995. Hatched larvae were reared in a 200-litre tank for 2 d, and were then transferred to 30-litre tanks (approximately 300 larvae per tank) with temperature control set to 16 C for the rest of the experiment. This temperature approximates the mean value of the upper 50 m of the water column in coastal waters in which most sardine larvae are distributed during February and March (Konishi, 1980) . Water temperature varied from 15.3 to 16.0 C, with a mean of 15.8 C. Tanks were filled with filtered sea water and kept under a natural photoperiod. Water was not exchanged except to supplement losses after cleaning the bottom of the tank.
The tanks were divided into fed and unfed larval groups, and larvae were reared for 9 d after hatching. Only the fed group was supplied daily with a rotifer diet at a density of 1-3 ind. ml 1 from day 3 onwards. Samples were taken daily from both groups from day 3 to day 8. Larvae were anaesthetized with MS-222, and standard length (SL: tip of snout to end of notochord) was measured to the nearest 0.1 mm. Larvae were stored in Eppendorf micro vials at 80 C until analysis.
Field samples
Wild sardine larvae were collected in coastal and offshore Kuroshio waters off central Japan (Fig. 1 ) from the middle of February to the middle of March. Spatially and temporally the area represents the main spawning grounds of the Japanese sardine (Watanabe et al., 1996) . Larvae were collected by vertically retrieving a 45 cm diameter net (335 m mesh) at 1 ms 1 from the upper 150 m of the water column at 58, 49, and 58 stations in 1993, 1994, and 1995, respectively . We also used a 130 cm ring net for a surface tow and/or a 70 cm bongo net for additional vertical tows for collecting larvae (335 m or 450 m mesh size) during 3 years. Temperature was recorded with a CTD, and the mean temperature of the upper 50 m was calculated for each station, because most sardine larvae are distributed in this part of the water column (Konishi, 1980) . The temperature gradient from the sea surface to 50 m was always less than 1.0 C at this time of year.
In 1993 and 1995, net samples were frozen immediately, preserved at 80 C on board and sorted on ice later in the laboratory after thawing. In 1994, samples were sorted on board within 10 min after sampling, also on ice. SL was measured to the nearest 0.1 mm and larvae were stored in Eppendorf micro vials at 80 C until analysis.
Wild larvae were collected at 14 stations in 1993, 9 stations in 1994, and 2 stations in 1995. Among a total of 388 wild sardine larvae sampled (3.9 to 14.8 mm SL), a total of 136 first-feeding larvae (SL<6 mm) were analysed over the 3 years. All these had exhausted their yolk and oil globule and had pigmented eyes. They were mainly caught (43% by vertical tows and 57% by surface tows) in the frontal area and Kuroshio waters Quantification of DNA, RNA, and protein Each individually stored larvae was washed with TrisHCl buffer (0.05 M Tris, 0.1 M NaCl, 0.01 M EDTA, pH 8.0) and kept in an Eppendorf micro vial. For reared larvae, 6-13 individuals were analysed for nucleic acids on days 3 to 8, and 4-6 were analysed for protein on days 3, 5, and 7. All first-feeding wild larvae (<6 mm SL) collected during the 3 years, as well as some larger ones for comparison, were analysed for nucleic acids.
The total quantities of DNA and RNA per individual were determined by the fluorescence technique using ethidium bromide as described by Sato et al. (1995) . Salmon sperm DNA (Wako Pure Chem. Co.) and yeast RNA (Kanto Chem. Co.) were used for nucleic standards. For protein quantification in reared fish, the entire larva was homogenized with the Tris-HCl buffer (see above) using a micro homogenizer in an Eppendorf tube. The mixture was centrifuged at 10 000 rpm at 4 C for 10 min. The supernatant was separated and its protein concentration was determined using the method of Bradford (1976) 
Results
Reared larvae
Mean SL of larvae gradually increased in the fed group, but remained virtually unchanged in the unfed group until day 6 and decreased thereafter (Table 1) . Mean total protein on day 3 was 5.3 1.3 (s.d.) g per larva. Protein increased to 6.6 2.5 g per larva on day 5 and 10.9 3.9 g per larva on day 7 in fed larvae. In unfed larvae, protein decreased to 3.7 1.4 g per larva on day 5 and 3.3 1.0 g per larva on day 7. Mean daily growth rates of protein (G p ) in fed larvae on days 5 and 7 were 11.5 and 18.1; those of unfed larvae were 18.2 and 11.7, respectively. Percent survival of the fed group was over 70% at the end of the experiment on day 9. In contrast, in the unfed group 50% survival was reached at day 8.3. The PNR for the unfed group was reached on day 6.3 according to the method of Blaxter and Hempel (1963) .
The mean RNA:DNA ratio in fed larvae increased only slightly until day 8 (Table 1; Fig. 3) , where the ratio decreased in unfed larvae decreased up to day 5 and remained constant thereafter. From day 5 to day 8, all ratios in unfed larvae were significantly lower than in fed larvae of the same age.
Criteria for nutritional condition
We diagnosed the nutritional condition of individual field-caught larvae using the RNA:DNA ratio in two ways, the ratio at the PNR and the ratio at the 0% growth point according to the method of Buckley (1984) .
(1) PNR criterion: Kimura et al. (1996) reported that a ratio of 1.32 (upper limit of the 95% confidence interval) represents the PNR criterion in firstfeeding larvae reared at 19.2 C. Here, we found that the PNR for unfed larvae at 15.8 C was on day 6.3. Therefore, we regard the upper limit of the mean value of larvae on days 6-8 (1.17) as the PNR criterion at this lower temperature. We used the ratio 1.17 as a PNR criterion for first-feeding larvae in coastal waters of less than 17.5 C and the ratio 1.32 for those in offshore Kuroshio waters higher than 17.5 C. (2) 0% growth criterion: The relationship between G p and RNA:DNA ratio at 15.8 C was estimated from data presented here and at 20.1 C from Kimura et al. (1996) . G p of individual larvae was plotted against mean RNA:DNA ratio at the same age, since data on nucleic acids and protein are not available for the same individual larvae (Fig. 4) 
Field samples
RNA:DNA ratios of all wild larvae analysed are shown by year in Figure 5 . The ratio ranged from 1.2 to 5.0 (n=136) in larvae<6 mm, from 1.3 to 4.6 (n=146) in 6-8 mm larvae, from 1.5 to 4.7 (n=58) in 8-10 mm larvae, and from 1.9 to 4.9 (n=46) in larger larvae (10-14.8 mm). Thus, the minimum ratio of wild larvae seems to increase with length. Individual values observed in 1993 varied more widely compared to those in 1995, whereas 1994 showed an intermediate pattern.
The mean ratio of first-feeding larvae, mean G p estimated from RNA:DNA ratio and temperature (see previous section), and mean temperatures at all stations where these were caught are given by year in Table 2 . Within the size range of these larvae, there was no relationship between the ratio and SL. RNA:DNA ratio and G p both showed highest values in 1993, and lowest ones in 1995. The RNA:DNA ratio of all larvae collected in the three years was higher than the PNR criterion for the given temperature, and therefore may be diagnosed as nutritionally healthy. In contrast, two larvae in 1995 had negative G p values, and using the 0% growth criterion 7% are considered to be in poor condition in this year (Table 3) . Discussion Clemmesen (1996) pointed out that size affects the RNA:DNA ratio and direct comparisons of the ratios between larvae of different sizes may lead to incorrect interpretation. Similarly, we observed that the ratio increased with larval size (Fig. 5) , indicating that starvation criteria do not remain constant over the larval period. Because the RNA:DNA criteria were only established for larvae up to 8 d after hatch, diagnoses of nutritional condition of wild larvae had to be limited to the first-feeding stage.
The PNR criteria for the ratio of 1.17 (<17.5 C) and 1.32 (>17.5 C) were close to the values of 1.0-1.2 determined for 5-10 mm herring larvae (Clemmesen, 1994) , and of ca. 1.0 for first-feeding larvae of Dover sole (Richard et al., 1991) . They thus support the ''critical value'' of around 1 as suggested by Clemmesen (1994) based on data for larvae in starving condition of several species.
In the field, larvae with RNA:DNA ratios below starvation criteria may not normally be observed. There is a large difference in survival rate of reared larvae between first-feeding period and 10-36 d after hatching if the fish were initially starved for 2 d (Umeda, 1996) . First-feeding larvae also lost their ability to digest food after 2 d without food, while larger larvae keep their ability even after 5 d without food (Umeda, 1996) . Taking into consideration potential predation, it would seem more difficult to find starved larvae of a larger size, because fish in poor nutritional condition are thought to be more vulnerable and because of the prolonged time span until they die from starvation.
The proportion of wild larvae in starving or poor nutritional condition has been commonly estimated based on either PNR or negative criteria (Clemmesen, 1994 (Clemmesen, , 1996 Robinson and Ware, 1988; McGurk et al., 1992; Setzler-Hamilton et al., 1987) . Robinson and Ware (1988) and McGurk et al. (1992) applied Buckley's (1984) equation for the relationship between G p RNA:DNA ratio, and water temperature to other species. However, we rather developed a similar equation on the basis of experiments with the same species because the metabolic reaction of nucleic acids to variations in feeding may be species-specific, and also because Buckley's (1984) method for analysing RNA:DNA ratio is so different from ours that the results may not be alike. Theilacker (1980) showed that 5-10 min net handling caused 19% shrinkage in SL for first-feeding Engraulis mordax larvae. Mean SL of live larvae in the experiments on the day of feeding inception (day 3) was 5.3 and increased to 7.1 on day 8. Accounting for 19% shrinkage, these first-feeding larvae would have ranged between 4.3 and 5.8 mm. Therefore, Table 2 . Mean RNA:DNA ratio (R), estimated daily growth rate in protein (G p ), and ambient temperature (means for the upper 50 m of the water column at stations where larvae were found) with standard deviations and ranges for wild first-feeding wild Japanese sardine larvae caught in waters off central Japan, February-March, 1993 -1995 wild larvae <6.0 mm SL were considered to be firstfeeding larvae.
The mean G p of 41% estimated for sardine larvae in 1993 appears to be large compared to the value of 5-8% estimated for red drum larvae by Rooker and Holt (1996) . However, our value probably reflects the short experimental time and the rapid growth of larvae from the initial amount of protein immediately after feeding inception. Still the value obtained is among the maximum values observed in the experiments at 20.1 C and higher than any value at 15.8 C (Fig. 4) .
Only in 1995 did a small percentage of larvae appear to be in poor condition and no starving larvae were observed over the 3-year period. Both relatively high (sprat (Sprattus sprattus) 3-34%, Ueberschär, 1995; jack mackerel 12-70%, Theilacker, 1986 ; striped bass (Morone saxatilis) up to 100%, Setzler-Hamilton et al., 1987) and relatively low (herring 1%, Clemmesen, 1994; herring 9%, Ueberschar, 1995; northern anchovy 8%, O'Connell, 1980) percentages of larvae in starving condition have been reported. O'Connell (1980) pointed out that the percentage of larvae in starving conditions differ markedly between sampling stations. With regard to Japanese sardine, Umeda (1996) found that 25% of the larvae survived the first-feeding stage at a food density of 9 rotifers l 1 . The concentration of copepod nauplii, the principal food for the sardine larvae, in the entire survey area in 1993 and 1994 did not reveal large differences between coastal water and Kuroshio waters, and was generally in the order of 10 ind. l 1 (Watanabe et al., 1998) . This information seems to support our results with regard to the absence of larvae in starving condition. However, we recognize that our sample sizes of wild first-feeding larvae were small. Nevertheless, our results suggest that starvation was not a prevalent factor in the mortality of larval sardines in coastal and Kuroshio waters from 1993 to 1995.
Comparing the mean RNA:DNA ratio of wild firstfeeding larvae over the 3 years, the observed values were higher in 1993 than in 1995. This difference between 1993 and 1995 may be related to the difference in spatial distribution of first-feeding larvae between the years, which were mainly concentrated in offshore Kuroshio waters in 1993 and in coastal waters in 1995 (Fig. 2) . Estimated G p of larvae in four areas from coastal waters to the offshore region, categorized by temperature at 200 m depth (Nakata et al., 1994) for the 3 years are given in Table 4 . In 1993, mean G p in coastal water and in the offshore region were lower than in Kuroshio water and in the frontal area. In 1994, mean G p in the frontal area was much higher than that in the offshore region, and lower than that in coastal water, though the observed ranges in the two areas were similar. In 1995, the comparison between areas failed because larvae were only found in coastal water, but mean G p in this area was much lower than in the other years. Watanabe et al. (1996) showed that the centre of the spawning grounds moved from coastal water toward the Kuroshio axis during the population increase in the 1980s, and also that percent survival until the end of the first-feeding stage larva increased with this shift in spawning grounds. Nakata (1990) found that high Chl a concentrations near the Kuroshio front enhance copepod productivity, and consequently increased food availability for first-feeding larvae in that area. These observations would suggest that the Kuroshio axis plays a crucial role in sardine recruitment. Although our nutritional data certainly do not contradict this Table 4 . Estimated mean daily growth rates in protein (G p ) with standard deviation and range of wild first-feeding larvae and ambient temperature (range: means of 0-50 m for stations where larvae were collected) by area (C: coastal water c14 C; F: frontal area -14-15 C; K: Kuroshio -15-17 C; O: offshore region d17 C; classification based on temperature at 200 m) and year. 
